Amplitude modulated transcranial alternating current stimulation (AM-tACS) has been recently 22
Introduction 46
Transcranial alternating current stimulation (tACS) is receiving growing popularity as a tool to interfere with endogenous brain oscillations in a frequency specific manner (Fröhlich and 48 and Singer, 2012, 2006) . 54
While mechanisms of tACS have been studied in animals (Fröhlich and McCormick, 2010 2016) to recover brain signals obtained during concurrent tACS-M/EEG. However, these ap-71 proaches are computationally costly, and therefore i.e. difficult to implement in closed-loop 72 protocols. Further, their application is limited as they fail to completely suppress the artifact and analysis approaches must be limited to robust procedures to avoid false conclusions about 74 stimulation effects (Neuling et al., 2017; Noury et al., 2016; Noury and Siegel, 2017) . 75
As a solution to these issues, amplitude modulated tACS (AM-tACS), using a high frequency 76 carrier signal which is modulated in amplitude by a lower frequency modulation signal, chosen 77 to match the targeted brain oscillation has been proposed (Witkowski et al., 2016) . Amplitude 78 modulated signals contain spectral power at the frequency of the carrier signal ( ; and two 79 sidebands at ± ; modulation frequency), but no power at itself (see Figure 1 for an 80 illustration). Consequently, the tACS artifact would be shifted into higher frequencies, elegantly 81 avoiding spectral overlap with the targeted brain oscillation. However, more recently low-fre-82 quency artifacts at have been reported in sensor-level MEG recordings during AM-tACS 83 (Minami and Amano, 2017) . These artifacts required the application of advanced artifact sup-84 pression algorithms (Minami and Amano, 2017) . Although the authors of that study explained 85 these artifacts by non-linear characteristics of the digital-analog conversion, a detailed inves-86 tigation into these low-frequency artifacts arising during AM-tACS and how these emerge has 87 not yet been provided. In fact, the process of stimulation on the one side and signal recording 88 on the other side involves at least one step of digital-analog (generating a stimulation signal) 89 and one step of analog-digital conversion (sampling brain signal plus stimulation artifact). The 90 linearity of these conversions, however, is naturally limited by properties of the hardware in 91 use (Vargha et al., 2001) . To further complicate the situation, the amplification involved in the 92 recording process using M/EEG can be another potential source of nonlinearity. The ampli-93 tudes usually applied in tACS can potentially cause signals/artifacts, beyond the dynamic 94 range where the measurement devices exhibit linear transfer characteristics (Cooper, R., 95
Osselton, J. W., & Shaw, 1974). In general all electronic components, including those that are 96 usually idealized as being linear (i.e. resistors), exhibit some degree of non-linearity in reality, 97 especially when operating under extreme conditions (Maas, Stephen, 2003) . 98
To shed more light on the effects of non-linearity of stimulation and recording hardware on AM-99 tACS signals, input-output transfer functions (TFs) of different AM-tACS setups were estimated and evaluated with respect to their performance in predicting low-frequency artifacts of AM-101 tACS 1 . 102
Materials & Methods 103
In order to characterize non-linearities inherent in different tACS setups, the transfer functions 104 (TFs) relating input-output amplitudes of four different tACS setups, with increasing complexity, 105 were recorded and modeled by polynomial regression models. Additionally, AM-tACS signals 106 were recorded to demonstrate the presence of low-frequency artifacts. TF models were applied 107 to digital AM-signals to predict output spectra of the physical recordings. The following four 108 setups were evaluated. No human or animal subjects were involved in the experiment. 109
Test Setups 110

Basic DAC recording 111
For the first, basic setup, a digital/analog-analog/digital converter (DAC; NiUSB-6251, National 112 Instruments, Austin, TX, USA) recorded its own output signal. The signal was digitally gener-113 ated using Matlab 2016a (The MathWorks Inc., Natick, MA, USA) and streamed to the DAC 114 via the Data Acquisition Toolbox. The signal was generated and recorded at a rate of 10 kHz 115 ( Figure 1A) . 116
DAC & tACS stimulator 117
In the second setup the DAC was connected to the remote input of a battery-driven constant 118 current stimulator (DC Stimulator Plus, Neuroconn, Illmenau, Germany). Stimulation was ad-119 ministered to a 5.6 kΩ resistor. The signal was recorded from both ends of the resistor using 120 the DAC (Figure 1B) . 121
DAC & tACS recorded from phantom using EEG 122
In the third setup the DC Stimulator was connected to two surface conductive rubber electrodes 123 attached to a melon serving as a phantom head. Electrodes were attached using an electrically 124 136 conductive, adhesive paste (ten20, Weaver & Co., Aurora, CO, USA). The signal was recorded 137 from an active Ag/AgCl EEG electrode (ActiCap, Brain Products, Gilching, Germany), placed 138 between the tACS electrodes. Two additional electrodes were attached to the phantom to 139 serve as reference and ground for the recording (positions were chosen to mimic a nose-ref-140 erence and a ground placed on the forehead). The signal was generated by the DAC at a rate 141 of 10 kHz and recorded at 10 kHz using a 24-bit ActiChamp amplifier (Brain Products, Gilching, 142 Germany). EEG and stimulation electrode impedances were kept below 10 kΩ ( Figure 1C) . Figure 1D ). 150
Transfer function and AM-tACS measurements 151
A probe stimulus consisting of a one cycle sine wave at 220 Hz was used to obtain measure-152 ments of each setups transfer function (TF). 10001 probes of linearly spaced amplitudes ( ), 153 ranging from -10 V to 10 V for the first setup, from -0.75 V to 0.75 V for the second and third 154 setup, and from -0.5 V to 0.5 V for the MEG setup, were concatenated to a sweep stimulus 155 with a total duration of approximately 45 sec. (see Figure 1I -J for a schematic visualization). 156
Amplitudes had to be adjusted for setups involving the DC stimulator to account for higher 157 output voltages due to the 2 mA per V voltage-to-current conversion of the remote input. The 158 chosen input voltages correspond to a maximum output of 3 mA peak-to-peak amplitude of the 159 DC stimulator (a maximum current of 2 mA was chosen for the MEG setup to avoid saturation 160 and flux trapping of MEG sensors). Ten consecutive sweeps were applied and recorded for 161 each setup. In order to evaluate how well the obtained TF can predict artifacts in the spectrum 162 of AM-tACS, AM-signals with = 220 Hz and = 10 Hz, 11 Hz, and 23 Hz at different ampli-163 tudes (100%, 66.7%, 33.4% and 16.16% of the maximum range applied during the TF record-164 ing) were generated. Amplitudes were chosen to produce output currents of 3 mA, 2 mA, 1 165 mA, and 0.5 mA when using the DC-Stimulator (2 mA, 1.3 mA, 0.66 mA, 0.33 mA for the MEG 166 setup). AM-signals were computed based on the following equation: 167
where is the stimulation amplitude, is the modulation frequency and is the carrier 169 frequency. Each signal was generated and recorded with 60 repetitions to increase signal-to-170 noise ratios.
Data processing and transfer function estimation 176
The recorded sweeps were epoched into segments containing single cycles of the sine-waves 177 used as probes. All Segments were baseline corrected and the peak-amplitude ( ) of each 178 epoch was extracted by identifying the minimum (for < 0) or maximum values (for ≥ 0) 179 within each segment. A 6 th -degree polynomial regression model was fitted to each repetition 180 of the sweep to predict (recorded peak amplitudes) as a function of (generated peak 181 amplitudes) using a least-square approach: 182 In order to evaluate the performance of the TF models in predicting low-frequency AM-tACS 190 artifacts of the setups, the digitally generated AM-tACS signals were fed through the TF mod-191 els. Subsequently, the predicted output signals were compared to the AM-tACS recordings 192 acquired for each setup. To this end, power spectra of the original digital, the predicted and 193 the recorded AM-signals were computed. The resulting power spectra of the AM-signals were averaged power spectra were scanned for artifacts within a range from 2 Hz to 301 Hz. Artifacts 199 were defined as the power at a given frequency being altered by at least 5% as compared to 200 the mean power of the two neighboring frequencies. The identified artifacts were statistically 201 compared to the power in the two neighboring frequencies using student's t-tests. Bonferroni-202 correction was applied to strictly account for multiple comparisons. 203
Simulation 204
To evaluate the effect of each non-linear term in the TF models on the output signal, a simu-205 lation was carried out. To this end an amplitude modulated signal with = 220 34 and = 206 10 34 was evaluated by simplified TFs where all coefficients were set to zero except for the 207 linear and one additional non-linear term which were set to one in each run. This procedure 208 leads to exaggerated output spectra that do not realistically resemble the recorded TFs. How-209 ever, they are well suited to illustrate the spectral artifacts arising from each of the non-linear 210
terms. 211
In addition to the AM-signal, we generated a temporal interference (TI) signal that was recently 212 proposed as a tool to non-invasively stimulate deep structures of the brain (Grossman et al., 213 2017) . TI stimulation consists of two externally applied, high frequency sine waves of slightly 214 differing frequencies that result in an AM-signal where their electric fields overlap. Since the 215 generation of this AM-signal is mathematically slightly different as compared to the other AM-216 tACS approach, this signal was separately modelled for two stimulation signals based on the 217 following equation: 218
67
= * * 8 * 9 * : * , (4) 219 with " = 200 34 and = 210 34. The overlap of these two frequencies results in an amplitude 220 modulation at 10 Hz. 221 3 Results 222
Systematic artifacts at modulation frequency of AM-tACS and harmonics 223
Analysis of the AM-tACS recordings identified systematic artifacts at the modulation frequency 224 and its harmonics that statistically differed from power at neighboring frequencies in all setups 225 (all p < .05; Figure 2 and 3) . Notably, these artifacts were comparatively small, albeit still sig-226 nificant at larger amplitudes, when the DAC measured its own output without any further de-227 vices in the setup (Figure 2 left) . When the complexity of the setup was increased, more and 228 stronger artifacts were observed (Figure 2 right, Figure 3) . The number and size of artifacts 229 also tended to increase with stronger stimulation amplitudes. Figures 2 and 3 depict lower 230 frequency spectra (1 Hz -50 Hz) for all setups and frequency-amplitude combinations tested. 231
Setups exhibit non-linear transfer characteristics 232
To obtain a model of each setups TF, 6 th -degree polynomial regression models were fitted to 233 the input-output amplitudes of the probe stimuli. All setups tested in this study exhibited coef-234 ficients of the non-linear terms of the fitted TFs significantly differing from zero. (Figure 2,3 top panel) . However, as it will be shown in the following, these 243 small deviations from linearity are sufficient to cause the low frequency artifacts observed dur-244 ing the AM-tACS recordings. 
Transfer functions predict frequency of spurious artifacts 256
When applying the TF models to the digital AM-signals, the resulting spectra provide accurate 257 predictions of the systematic low-frequency artifacts at of the AM-signal and its lower har-258 monics in the recordings. For the first two setups, where the TF models' goodness of fit is 259 equal to 1, the predicted spectra also capture the amplitudes low-frequency artifacts with rela-260 tively high accuracy (Figure 2) . For the two later setups, however, the predicted spectrum 261 apparently underestimates amplitudes of the artifacts (Figure 3) . In summary, results suggest 262 that the polynomial functions fitted to the data successfully captured the non-linear process 263 leading to the low-frequency artifacts at , although for the later setups, that exhibited more 275 noise during the measurements, accuracy of the fits seems not sufficient to accurately predict 276 the artifacts amplitudes. In addition, it should be noted that the application of a TF to a pure 277 digital AM-signal can never completely capture the effects of the recording process that in-278 volves measurement of noise and external interferences (i.e. line-noise). 279
Simulating the isolated effect of non-linear TF-terms 280
Based on the results presented so far, it was possible to characterize each the non-linearity of 281 each setup and to demonstrate that the estimated TF can be used to predict artifacts in the 282 recorded AM-signals. However, since the obtained TFs are rather complex, a simulation was 283 carried out to investigate the artifacts caused by each of the non-linear terms in isolation. The (Figure 4 top left) , polynomial terms 294 with odd exponents > 1 result in additional side bands around of the AM-signal (Figure 4  295   middle, bottom left) . In contrast, terms with even exponents induced artifacts at and its 296 harmonics (Figure 4 right column) . The higher the exponent of the polynomial terms the more 297 sidebands and higher harmonics are introduced to the spectrum, respectively. A separate 298 simulation for an AM-signal resulting from temporal inteference (Grossman et al., 2017) yielded 299 a similar result (Supplementary Figure S3) . 300
Discussion 301
Amplitude modulated transcranial alternating current stimulation (AM-tACS) offers a promising 302 new approach to investigate online effects of tACS using physiological recordings. While in theory AM-tACS should not exhibit artifacts within the frequency range of brain signals, the 304 current study demonstrates that non-linear transfer characteristics of stimulation and recording 305 hardware reintroduces such artifacts at the modulation frequency and its lower harmonics. 306
These artifacts are likely too small to modulate brain activity themselves, they can potentially 307 be misinterpreted as stimulation effects on the brain if not considered during concurrent re-308 cordings of brain activity during AM-tACS. Especially, in cases where spatial information is 309 missing (i.e. recording from only few EEG sensors), the artifacts in the spectrum might be hard, 310
if not impossible, to be disentangled from stimulation effects. Consequently, these recordings 311 must not be considered artifact-free in the range of the modulation frequency. Rather, the ex-312 tent of low-frequency artifacts has to be evaluated carefully and taken into account. 313
The setups evaluated for the current study have been build based on a limited set of hardware. 314
Thus, the extent of non-linearity might differ for hardware combinations using other stimulator 315 or recording systems. However, since all electronic components exhibit some degree of non-316 linearity (Maas, Stephen, 2003) , the general process underlying the generation of low-fre-317 quency AM-tACS artifacts is potentially applicable to all setups. Only the size of these artifacts 318 can differ depending on the (non-)linearity of the system. The current study provides a frame-319 work to measure and estimate a setups transfer characteristics and evaluate the strength of 320 these low-frequency artifacts arising from its non-linearities. Interestingly, the DAC itself 321 exhibited comparatively weak artifacts, while the more complex setups showed stronger 322 artifacts at the modulation frequency and several harmonics. This might indicate that the effect 323 is driven by non-linearities of the stimulator or recording hardware rather than the DAC as 324 suggested by previous authors (Minami and Amano, 2017) . 325
To obtain a model of each setups transfer characteristics, polynomial regression models were 326 fitted to the probe-signal recordings. The degree of the models is a best guess to tradeoff 327 sufficient complexity to capture each setups nonlinearity, and simplicity to retain a straightfor-328 ward, interpretable model. Unfortunately, traditional approaches for model selection, i.e. based 329 on adjusted R 2 or Akaike Information Criterion, that start from a simple intercept or a saturated 330 model, are not applicable to the data at hand, as the non-linearities observed in the setups are very subtle. A simple linear model would already account for a huge proportion of the input-332 output recordings variance. Adding additional higher degree terms to the model does not suf-333 ficiently increase the explained variance to counteract the penalty implemented in most model 334 evaluation metrics. However, as seen in the simulated data only these terms account for the 335 low-frequency artifacts observed in the AM-tACS recordings. 
